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Abstract 
In Egypt and many developing countries, the use of Construction & Demolition (C&D) waste and 
Recycled Clay Masonry (RCM) brick materials as Unbound Granular Materials (UGMs) in pavement 
construction is generally very limited. There has been reluctance to adopt recycled materials in pavement 
construction. Despite the fact that there are allocated land fill areas for dumping this kind of waste, in 
Egypt C&D waste is usually dumped on the sides of canals, minor roads and at the entrance of the cities 
and towns. This causes environmental problems and affects the daily lives of people. Therefore, blends 
of C&D waste materials with RCM were evaluated for use as UGMs. The C&D waste and RCM 
materials were obtained from some dumps on the sides of roads and canals around Mansoura City, 
Egypt. The collected materials were crushed and mixed in the laboratory. The proportions of the 
C&D/RCM blends were 100/0, 90/10, 80/20, 70/30, 55/45, 40/60, 20/80, and 0/100% of the total 
aggregate mass. The characterization of C&D/RCM blends as well as the response to cyclic loading by 
Repeated Load Triaxial Testing (RLTT) was covered in this research paper. Static triaxial shear tests 
and RLTT were conducted using a Universal Testing Machine. RLTT and static triaxial shear test 
specimens were prepared at the optimum moisture content and compacted according to modified 
Proctor. RLTT were performed in accordance with the AASHTO T307 on triplicate specimens. RCM 
materials (100%) as UGMs failed to meet the requirements of Los Angeles Abrasion (LAA) test of 50% 
maximum as specified by the Egyptian Code of Practice (ECP). RLTT data showed that all C&D/RCM 
blends yielded high resilient moduli however, no significant variation in resilient moduli values were 
observed between the different C&D/RCM blends. 
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1 Introduction 
Owing to the excessive increase in construction activities, the amounts of C&D waste materials have 
dramatically increased. In 2012, the Egyptian Environmental Affairs Agency (EEAA) estimated that 
about 4.0 million tonnes of C&D waste materials (about 7% of the total generated solid waste) were 
generated. In Cairo alone, the construction waste is about 3290 tonnes/day. In spite of that, in Egypt 
recycling industry and management of C&D waste is extremely limited and so far no case study or 
useful information about reusing C&D waste has been published (Zaki & Khayal, 2014). 
Worldwide, numerous studies have been conducted to evaluate the possibility of using recycled 
C&D waste and RCM brick materials in highway construction as UGMs. In this review some pertinent 
studies are referred to. Diagne et al., (2015) investigated the use of blends of RCM with Recycled 
Concrete Aggregates (RCA) as unbound base course in pavement construction. Different proportions of 
RCM/RCA mixes were used including 100/0, 30/70, 15/85, 5/95 and 0/100% by total aggregate weight. 
Results indicated that Los Angles Abrasion (LAA) of 100% RCM and 100% RCA were 36.8% and 
29.9%, respectively. The saturated hydraulic conductivity increased with the increase in RCM content. 
The resilient modulus decreased with the increase in both moisture and RCM contents. 
Cameron et al., (2012) and Azam & Cameron (2013) investigated three blends of C&D waste with 
10%, 20%, and 30% of RCM. Results indicated that the permanent strain rate for the three blends failed 
to meet the South Australian requirements for base but it achieved that for subbase. The values of 
resilient moduli of the three blends were greater than the minimum requirement of resilient modulus of 
300 MPa. In an earlier study conducted by Gabr (2012) and Gabr & Cameron (2012), two products of 
C&D waste materials were used and achieved the South Australian requirements for both permanent 
strain rate and resilient modulus for use as a base material. 
Extensive research has been conducted by researchers at Swineburn University, Melbourne, on the 
factors affecting the mechanical characteristics of UGMs (Arulrajah et al., 2012; Arulrajah et al., 2011). 
They reported the possibility of using C&D waste or RCA materials, crushed brick, reclaimed asphalt 
pavement, waste excavation rock, and ﬁne recycled glass for use as subbase material. Blends of RCA, 
RCM and crushed rock were investigated. The proportions of RCM ranged between 10% and 50%. The 
optimum proportion of RCM was 25% or less. They concluded that the RCM may be used as subbase 
material at the relatively dry moisture content of 65% of Optimum Moisture Content (OMC). 
Poon et al., (2006) investigated the possibility of using RCM with RCA as subbase material. The 
authors conducted laboratory tests on different blends of RCA and RCM, which were compared with 
natural subbase material. Authors found that the replacement of RCA by RCM increased the OMC and 
decreased the Maximum Dry Density (MDD). The CBR values decreased with the increase in the RCM 
percentage. Generally, they concluded that the blends of RCA/RCM were suitable for use as a subbase, 
but with a minimum CBR of 35%. 
 Leek & Siripun (2010) studied the effect of the moisture content on RCA/RCM blends by 
conducting a multistage Repeated Load Triaxial Testing (RLTT) according to AustRoads, (2007). The 
RCA/RCM blends were tested at different moisture contents ranging from 60% to 90% of OMC and at 
a dry density of 98% of MDD. The authors concluded that the resilient modulus decreased and the 
permanent strain increased with the increase of moisture content levels. 
The main objective of this research is to investigate the suitability of using blends of C&D waste 
materials and RCM brick in pavement construction in Egypt. It also aims to suggest preliminary 
recommendations for assessing the effect of C&D waste and RCM mixes on pavement performance. 
2 Materials 
Blends of C&D waste materials with RCM (nominal maximum size 37.5 mm) were investigated for 
use as UGMs. The C&D materials, or can be referred as RCA, and RCM were collected from the dumps 
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on the road sides in Mansoura city. Both C&D and RCM materials were crushed in the laboratory to 
small particles with a maximum size of 50 mm to meet the requirements specified by ECP (2008) for 
UGMs. The proportions of the C&D/RCM blends were 100/0, 90/10, 80/20, 70/30, 55/45, 40/60, 20/80, 
and 0/100% of the total aggregate mass. Both C&D and RCM were sieved and size-separated to seven 
fractions. To achieve one target gradation for all blends, in order to eliminate the effect of gradation 
difference, each fraction of both materials (C&D and RCM) was blended with a proportion to lie in the 
mid-range of the ECP (2008) gradation. Figure 1 presents the particle size distribution for all tested 
blends along with the upper and lower specification limits. 
 
 
Figure 1: Particle size distribution for tested blends 
3 Experimental Work 
In order to investigate the engineering properties of the C&D/RCM blends for use in pavement 
construction, a series of laboratory tests were conducted. The tests were categorized into routine and 
advanced tests. The routine tests were AASHTO classification, specific gravity, water absorption, 
Atterberg limits, LAA, Modified Proctor compaction, CBR, pH value, and permeability. The advanced 
static triaxial shear and RLTT tests were performed to determine the shear strength parameters 
(cohesion, C, and internal angle of friction, φ) and resilient modulus of all tested blends. All tests were 
conducted in line with the current requirements of the AASHTO Standards or ECP. For resilient 
modulus testing, triplicate samples, 300 mm high by 150 mm diameter, were prepared according to the 
modified Proctor compaction at a target density of 100% of MDD and OMC. The resilient modulus tests 
were conducted in accordance with the AASHTO T307 (AASHTO, 2007). At the end of resilient 
modulus testing, each sample was sheared according to the AASHTO T307 to determine the shear 
strength parameters. The falling head permeability test was conducted on specimens prepared at MDD 
and OMC in order to determine the coefficient of permeability (K) of the C&D/RCM blends of 100/0, 
0/100, and 55/45% only.  
4 Results and Analysis 
Table 1 provides a summary of the general engineering properties, shear strength parameters, and 
RLTT results for the eight investigated blends. The OMC ranged from 10% to 14.4% with MDD in the 
range of 1.75 t/m3 to 1.86 t/m3. Azam & Cameron (2013) reported relatively lower values for OMC 
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(11.0% to 12.1%) for RCM proportions of 10, 20, and 30%. They reported relatively higher MDD values 
of 1.84 to 1.99 t/m3. Diagne et al., (2015) reported much lower values for the OMC of 6.1 to 8.6%. The 
liquid limit values for the investigated two materials, 100% C&D and 100% RCM were almost the same 
and comply with the ECP specifications (ECP, 2008). The two materials were found to be non-plastic 
and classified as A-1-a according to the AASHTO classification system. 
 
The soaked CBR values of the C&D/RCM blends varied from 70% to 153%. The 100% C&D mix 
exhibited the highest CBR value, owing to the fact that the residual free lime in C&D materials may 
lead to greater cementation (Gabr & Cameron, 2012). In general, the CBR decreased relatively with the 
increase in RCM content, which agreed with number of studies (Cameron et al., 2012; Poon et al., 2006). 
The CBR values of all C&D/RCM blends were higher than that specified by the ECP (2008) for bases 
of 80%, except the C&D/RCM blends of 20/80 and 0/100, which can be used as subbase. The LAA 
value for the 100% RCM was 83.8%, which failed to meet the requirements set by most of the 
specifications for recycled materials. This requires further testing by the Micro-Deval, which is a better 
indicator of recycled materials toughness/abrasion resistance (NCHRP, 2008). The pH values indicated 
that C&D and RCM materials were more alkaline than the neutral level of deionized water of pH 7. The 
permeability results revealed that the tested RCM brick was more permeable than C&D materials, as it 
had larger pore size and lower density. Nevertheless, the C&D/RCM blend of 55/45 exhibited lower 
coefficient of permeability (K) than that of the C&D materials. Cameron et al., (2012) reported very 
similar values ranging from 1.8x10-8 to 2.0x10-7 (m/s). Higher permeability values were reported by 
Diagne et al., (2015) ranging from (1.5 to 5.9)x10-5 (m/s). 
Property Test Result 
C&D/RCM (%) 100/0 90/10 80/20 70/30 55/45 40/60 20/80 0/100 
OMC (%) 12.7 14.4 13.5 14.3 11.5 12.4 10.1 10.8 
MDD (t/m3) 1.86 1.84 1.82 1.82 1.84 1.84 1.78 1.75 
Liquid limit (%) 25 -- -- -- -- -- -- 26 
Plasticity index (%) NP* -- -- -- -- -- -- NP* 
AASHTO classification A-1-a       A-1-a 
CBR (%) 152.9 128.7 114.5 114.5 119.4 114.5 69.5 76.6 
LAA (%) 47.2 -- -- -- -- -- -- 83.8 
pH 9.1 -- -- -- -- -- -- 8.8 
K  (m/sec) 1.8E-08 -- -- -- 7.7E-09 -- -- 1.5E-07 
Water absorption (%) 0.8 -- -- -- -- -- -- 7.2 
Specific gravity (Gs) 2.30 -- -- -- -- -- -- 2.03 
Apparent Cohesion, C, (kPa) 12.4 25.8 56.8 89.2 80.3 24.0 50.9 43.1 
Friction Angle, φ, º 58.4 55.6 52.7 48.8 53.2 59.7 50.4 52.7 
Resilient 
Modulus 
Data 
K1 2.29 1.85 1.62 1.50 2.31 1.34 1.15 1.45 
K2 0.49 0.53 0.59 0.57 0.48 0.19 0.37 0.57 
K3 -0.134 -0.09 -0.099 -0.056 -0.124 1.073 0.548 -0.194 
R2 0.974 0.981 0.976 0.975 0.975 0.96 0.972 0.981 
Table 1: Summary of the engineering properties of C&D/RCM blends 
*NP: Non-plastic 
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Relatively high angles of internal friction, φ, varying from 49 to 60º, were found for the eight blends. 
The values of the apparent cohesion varied between 12 and 90 kPa. The values of apparent cohesion 
and internal angle of friction were comparable to those obtained by (Azam & Cameron, 2013).  
The average resilient modulus values of the triplicate samples were calculated for each sequence by 
taking the average of the last five cycles for each sequence. The regression coefficients, k1, k2, and k3 
were then determined for each blend by applying the universal model presented in Equation 1 to the 
testing data (AASHTO, 2008). The accuracy of regression in terms of coefficient of determination, R2 
was in the range of 0.96 to 0.98 as given in Table 1 indicating excellent fit. 
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where, Mr is the resilient modulus; k1, k2, and k3 are the material regression coefficients; Tis the bulk 
stress = V1+V2+V3; V1 is the major principal stress; V2 is the minor principal stress; V3 is the isotropic 
confining pressure; ɒ୭ୡ୲ is the octahedral shear stress ൌ
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and finally, Pa is the atmospheric pressure (Pa = 101.3 kPa). 
From the regression coefficients, it can be concluded that the C&D/RCM blends of 100/0% and 
55/45% yielded higher resilient moduli values compared to the other blends. As the RCM content 
increased, the resilient modulus tends to decrease relatively except the resilient modulus of the 
C&D/RCM blend of 55/45%, which was found to increase. The reason for that was probably due to the 
lower permeability value of the 55/45 C&D/RCM blend. This is clear from the values of the regression 
coefficient, k1 given in Table 1. Conversely, no consistent trend was observed for regression 
coefficients, k2, and k3 with the change in the RCM content. Some variation was observed for the 
regression coefficient, k2, since it ranged between 0.2 and 0.6 for all blends. In addition, the values of 
the regression coefficient, k3 was found to vary from -0.06 to 1.07. The 40/60 blend showed the highest 
value for k3 of 1.07 and lowest value for k2 of 0.19 compared to other blends. 
According to Ji et al., (2014), the anticipated field stresses at the middle of the base layer, which are 
of interest for this research, ranges from 89.6 to 110.3 kPa for the deviator stresses (Vd), while the 
confining pressure (V3) ranged from 27.5 to 55.2 kPa. Therefore, applying Equation 1 at the anticipated 
field stresses using the regression coefficients k1, k2 and k3 given in Table 1 for each blend, would yield 
the anticipated resilient modulus in the field. The values of the anticipated field stresses depend on the 
base and the asphalt layers thicknesses as well as the subgrade strength (Ji et al., 2014). Commonly in 
Egypt, typical pavement systems consist of 100 mm asphalt layers constructed over a 250 mm aggregate 
base layer. A weak subgrade was assumed to determine the anticipated field stresses at the adopted 
thicknesses. Accordingly, the values of deviator stress and confining pressure were found to be 90 and 
40 kPa, respectively. Table 2 presents the values of the resilient moduli for each blend that corresponds 
to the anticipated field stresses (Vd and V3). 
RCM,   
% 
C&D/RCM Blend, % 
Mr (MPa) at (σd = 90, σ3 = 40) 
kPa 
Material 
assessment 
Criteria 
0 100/0 315 
Base material Mr ≥ 300 Mpa; LAA 
≤ 50%; CBR ≥ 80% 
10 90/10 266 
Subbase material 
300 >(Mr, MPa)≥ 
150; CBR > 25% 
20 80/20 242 
30 70/30 225 
45 55/45 317 
60 40/60 226 
80 20/80 184 
100 0/100 206 
Table 2: Summary of resilient moduli at the anticipated field stresses 
Using Blends of C&DWM and Recycled Clay Masonry Brick in Pavement Arisha et al.
1321
C&D/RCM blends can be assessed based on material behavior in terms of resilient modulus, CBR, 
and LAA. The South Australian specification is the only one that specified a minimum resilient modulus 
value for bases and subbases of 300 MPa and 150 MPa, respectively (Gabr et al., 2011). Thus, Mr can 
be used for the material assessment along with both CBR and LAA. All blends yielded resilient moduli 
values greater than 150 MPa. However, only the 100/0 % and 55/45 % C&D/RCM blends yielded 
resilient moduli values greater than 300 MPa, which can be used as base materials. Nevertheless, the 
LAA of the 100/0 % blend (47.2%) was very close to the limit required for bases of 50%, and hence 
other blends were expected to surpass this limit. Therefore, authors expected that 55/45 blend would not 
meet the LAA requirements and recommend that it can be used as subbase material instead of base. In 
conclusion, all blends are recommended to be used as subbase material except the C&D/RCM blend of 
100/0% that can be used as base material. 
The resilient modulus data of 128 points for all blends were firstly trialed with Equation 1 to obtain 
single set of constants. The prediction accuracy, R2 was found to be fair with a value of 0.68 and the 
value of Se/Sy was 0.56. Se/Sy is a measure for the goodness of fit, where Se is the standard error; Sy is 
the standard deviation of the measured resilient modulus values. Further development to Equation 1 was 
conducted to improve the prediction accuracy and found that RCM had the most effect on resilient 
modulus prediction rather than other parameters i.e., MDD. Therefore, Equation 1 was modified to 
include this parameter as follows: 
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where, k1, k2, k3 and A are material regression coefficients; RCM is the content of masonry brick, 
%; and the rest of parameters are as defined previously. 
The prediction accuracy in terms of R2 and Se/Sy was improved significantly to be 0.82 and 0.42, 
respectively for the resilient moduli predicted from Equation 2 for all blends. The single set of the 
regression coefficients along with the prediction accuracy are shown in Figure 2. It is evident from 
Figure 2 that the resilient modulus model (Equation 2) provided reasonable agreement with the 
experimental results for all investigated blends. Some level of scatter was observed for the resilient 
moduli data of the 55/45% blend. The prediction accuracy was found to improve significantly with R2 
above 0.90 by excluding the data of this blend. Generally, a single set of regression coefficients was 
found for all blends that can be used to predict the resilient modulus as a function of the bulk stress, 
octahedral shear stress, and RCM content (Equation 2).  
Moreover, the resilient modulus can be predicted from the CBR using some simple correlations. The 
Mechanistic Empirical Pavement Design Guide (MEPDG) uses the relationship given in Equation 3 to 
predict resilient modulus as a function of the CBR (ARA, 2004).  
Mr = 2555 CBR0.64 (3) 
This model was applied to the testing data conducted in this research. Figure 3 depicts a comparison 
between the predicted resilient moduli from Equation 3 for all blends and the anticipated field resilient 
moduli that were shown previously in Table 2. 
It can be seen from Figure 3 that both Mr predicted from Equation 3 and the anticipated field resilient 
modulus values decreased generally with the increase in RCM content. The predicted values from 
Equation 3 were in reasonable agreement with the anticipated field data with R2 of 0.81. However, the 
predicted resilient moduli from Equation 3 was overestimated compared to those obtained from the 
universal model (Equation 1) regression coefficients at the anticipated stresses of 90 kPa deviator stress 
and confining pressure of 40 kPa. Consequently, the multiplier of Equation 3 can be reduced to 1771 
psi instead of 2555 psi to match the values yielded by Equation 1 as given in Equation 4. The accuracy 
of Equation 4 predictions was fair, since R2 was found to be 0.63 and Se/Sy was 0.61. 
Mr =1771 CBR0.64 (4) 
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Figure 2: Predicted versus measured Mr for all blends 
   
 
Figure 3: Predicted resilient moduli from Equation 3, 4, and anticipated field stresses versus RCM content 
 
5 Conclusions 
Eight blends of C&D with RCM were evaluated in terms of simple and advanced engineering 
properties. The following conclusions are drawn based on the results of this research: 
x The eight investigated blends were found to meet the requirements of the current Egyptian 
specifications for UGMs. However, the requirement for LAA could not be met for RCM blends 
(10% to 100%), which needs further testing by different methods i.e., Micro-Deval. 
x The shear strength of the investigated blends was relatively similar and was not significantly 
affected by the RCM content. 
x The RCM content affected the resilient modulus of the blend. Generally, a decrease in the 
resilient modulus occurred with an increase in the RCM content. 
x Based on evaluation by resilient modulus, CBR, and LAA, 100% C&D is recommended to be 
used as a base material. The RCM blends from 10 to 100% are recommended as subbase 
materials. 
x The universal model was modified to incorporate the RCM effect, and hence a proposed model 
(Equation 2) was presented. The model was found to fit very well the resilient modulus for all 
blends with R2 of 0.82. 
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x The Mr-CBR correlation (Equation 3) was found to overestimate the resilient modulus values of 
the investigated blends. This equation was calibrated and the multiplier coefficient was modified 
from 2555 psi to 1771 psi for the investigated materials. 
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